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ABSTRACT 

With ever larger amounts of power being required by present day 
active sonars, studies are being made towards improving the efficiency 
of the power train. A gain in efficiency is possible if non-linear 
switching type amplifiers are used in lieu of the linear amplifiers 
presently used. Due to its high switching efficiency, fast switching, 
and ability to be turned on or off by gate signals, the Gate Turn-off 
Controlled Rectifier was investigated for possible application in an 
amplifier circuit. 

The circuit examined readily met the required criteria, however, 
the real value of this study lies in the method of predicting transient 
performance. Use of the derived equivalent circuit, and an analog 
computer model based on transfer functions (E/E and i, /E); provide 
analytical solutions that can be arrived at more readily than by other 


methods. 
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CHAPTER ONE 
THE GATE TURN-OFF CONTROLLED RECTIFIER 
I.1l Introduction. 

The Gate Turn-off Controlled Rectifier, GICR, is a three terminal, 
p-n-p-n silicon structure very similar to the Silicon Controlled Rectifier, 
SCR. It differs from the SCR in that conduction through the device can be 
stopped by the application of negative pulses to the gate terminal. 

The GTCR enjoys the following advantages which the SCR has over other 
switching devices: [ 1 | 

a. A high switching efficiency. 

b. High surge current ratings. 

c. Large power gain. 

ds Pulse turn on. 

e. Extremely fast switching times. 

The SCR‘'s were found to be limited in switching capabilities, since 
the turn-off required either a drop in current below the rated holding 
current, or the application of a voltage of opposite polarity across the 
device, so that the operating point is moved into the blocking state. 

The typical operating characteristic of both devices is shown in 
Figure I-l. Note that by applying the gate current, the Forward Break- 


over Voltage is moved to the left. 
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I.2 Turn-On Criterion. 
In examining the turn-on criterion of the p-n-p-n device we will 
employ the widely used two transistor analog. C3] Figures I-2A and 


I-2B show how we can pictorially represent our analog. 


Figure I-2A Schematic of GTCR 





where J J, and J, are the junctions 


i is 


so-+eee represents electron current 





represents hole current 
Fig. I-2B 2 Transistor Analog 
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J ea 








We can define the DC alphas in the usual manner as the ratio of 
collector current resulting from the emitter current, to the emitter 
current. Thus in general the total current collected will be: 

Te = Ale + Le 
where Lo is the grount of thermally generated current collected. 


The small signal OS can then be defined as: 





fade =e + Letdc 
dTe die 
From Figure I-2A we see that if I = I, + Ls the current through Junction 
2 must be I, which is the sum of the hole, electron, thermal, and dis- 
_ Cdv _ ; 
placement current, Tais =a where C = the capacitance of J 
(1) Za — Xn la Sr i Apt, + Wes + are 
since 
(2) me Ta + Ls 
Os La = &~plq +tTeo + tas 
1— An — Ap 


Before discussing the results of this expression let us examine 


Figure I-3 which shows the general relationship between emitter current 


I, and the small signal o 





Sa 


1. QAM peves 








We can see that the small signal &s increase monotonically with 


emitter current. We desire now an expression for ZA. Ja to see what the 
Alga 
small signal requirements are for A Ta_,,, which is the criteria for 
BS 
switching on. 
A Ia _,., implies that I may —>o without affecting I_. To get 
A lg g a 


the desired relationship, differentiate (1) with respect to Lt 


3 dia= on dla + Toda&n Xp dT a 
e dq dig TT * eh 


but as previously shown 


doy, = Xn — 


Stn 
da La La 


dy oy Ly, 


Where %, and &,, are the small signal alphas. 


We can furthermore simplify to get: 


Ao — Jan -dla = Ano dima mere: An dita 
dig dITa dTIg fous Cziecy La” deig 
and 


dan  &o diy — Xp dik 
dia see Celie c, dle 


Now substitute these results into (3), 


dq = onda +Jaane dla — Lady dla + ap din + Ieoe dix — Tym, dix 
A Ts d Lo dil, La dla dig ay dig ee Al, 


which reduces as follows: 


iGiagae =o Aneramen —| X po diy 
d Iq dT dg 
Jy = la == 1,, Wo AL oe Sell a= | 7 
di. di, 
hence, dla oak Loe 


AL, \ — Xpo —-Ano 5 


. 
“er 


a= — - = _—o «s == & 














We are now in a position to form some conclusion regarding switch- 
ing. For &no + Xpo= | we note that da Sa Gi ned as 
dg 
This then is our turn-on requirement, which as we see from Figure I-3 
is brought about by &,. and x«,, increasing steadily as their respective 
emitter currents increase. 

Similarly we note that at turn-off, when current is pulled out of 
the gate, Ap decreases first, then An decreases and from equation 
(2) we see that Ta = Too + ITdis — Aplg which is the very small 
leakage current. 

In the conducting state all three junctions are forward biased and 
saturated with carriers. Unlike the SCR which requires an additional 
incremental time to allow for the diffusion of the carriers from the 
center junction after turnoff, the GICR is completely turned off when 
the carriers are removed due to the negative gate pulse. Hence the 
GTCR is capable of much higher frequency operations. 

It becomes apparent then that the function of the amplitude of the 
gate current is to control the variables &%y and Ap . If I_ and 


co 
Ij, are negligible then Sie Cex Peg 
is ee | Ap= on 
As previously discussed for turn-on, we desire to have the gate 
current such that the emitter currents will cause O&An + Ap= | ; 


Further, for high turn-off gains we would desire (Ap t+ An)—~) , %prKH. 


At present turn-off gains on the order of 10-20 are possible. 








I.3 Gate Characteristics. 

There are two means of turning on the GICR, by exceeding the forward 
breakover voltage, and by gate currents. Since switching by gate current 
is the more practical means, we will examine only this method. 

The Gate Turn-on and Turn-off characteristics for the Westinghouse 
WX 241W GTCR are shown in Figures I-4, 5, 6 and 7. (ae These character- 
istics are considerably affected by: 

(a) the gate pulse 
1. magnitude 
2. width 
(b) the load 
(c) the temperature of the junctions 

In addition the turn-off characteristics are affected by the anode 
current to be turned off. 

In Figure I-4 we see the switching locus with I, as a parameter and 
gate voltage Vo and gate current ae the variables. These curves were 
constructed for Ry = 50 ohms and se = 125°C. If we start at T = Ce = 
y = QO and move along the I, = 0 curve in the direction of increasing ae 
and Fe we arrive at the turn-on point at which the curve becomes dis- 
continuous and shifts to the curve of the applicable anode current. 

Similarly, if we desire to turn the device off we can follow 
the curve for the operating anode current down to the point marked turn- 
off, at which we read the required turn-off gate voltage and current. 

We can readily observe the effects on turn-off requirements for different 
anode currents from this figure. 

In Figure I-5 are plotted the maximum gate power curves showing the 
rated DC and peak gate power. To gate the device, we must operate below 


these curves, and above the shaded areas which represent the turn-on and 


7 





turn-off boundaries. The advantage of pulse gate drive is that higher 
currents and terminal voltages may be used without exceeding the power 
rating of the device. This can be shown by considering the switching 


efficiency: 
Power out 


ite an = Power in = the power gain 
Power out 
= = efficienc 
eu De risci tine Power out + losses ied 


and since the pover input to the gate does not contribute power to the 


load, but is all lost 








: P out 
power input = losses = A 
P 
the efficiency is then 
=) Escue -j - i 
au Sree P out (1 +1/ Hy A 


For bistable switching as we have with the GICR, the time base of 
the input differs from that of the output, thus the gain an must be 


corrected by the factor Te where: 
1 


T, = the conduction interval 


and t = the gate interval (pulse width) 


thus, 
| ) = a ee 
S GTCR oo aa 
Ap CT.) 
t 
thus for a T, = .50 millisee and a gate pulse width of 18) fe eh we 


have increased the effective gain by a factor of 500 and reduced the 
amount of power to be dissipated in the device. 

The variation of the turn-off gains with anode currents for two 
values of junction temperature are shown in Figure I-6. On examining 
these curves, we note that the gains decrease with increasing tempera- 


ture, which can be attributed mainly to the increase in the thermal 








currents. 


From Figure I-7, we can get an idea about the order of the switch- 
ing time and power controlled. For the circuit shown in the Figure we 
observe that 1000 watts can be switched in 5 micro seconds with a 30urce 


voltage of 500 volts, anode current of 2 amperes, and junction tempera- 


ture of 80°C. 
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CHAPTER TWO 
AN ANALYSIS OF THE BASIC POWER AMPLIFIER 
II.1 Introduction. 

Due to its high switching efficiency, and fast switching ability 
it was felt that the gate turn-off controlled rectifier, GICR, might 
be utilized in an amplifier circuit where the preservation of wave 
shape was unimportant, and the emphasis was on power amplification, 
efficiency and frequency correspondence. Accordingly, a basic inverter 
circuit employing two (2) GTCR's and a center tapped transformer as 
shown in Figure II-l was investigated, 

In part I of the Analysis, the amplifier was used with a simple 
resistive load and basic loop equations were written to solve for 
amplifier and load current, output voltage, power gain and efficiency. 
From these solutions an equivalent circuit was established to investi- 
gate loads considered in II-2 and III-l. 

In each experimental circuit the in-put or triggering pulse was 
obtained from the circuit shown in Appendix I and was of 1.5 amps, 


peak amplitude, and approximately 10 jp sec duration. 
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II.2 Operation of the Ideal Circuit, 


Consider the. circuit-shown -below:- 
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Fig. II-1 Operation of the Ideal Circuit 
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Assumptions: Ls 


Trigger pulse has no effect on load. 
2. Matched components. 
3. 1 = primary turns) per loop —— 


secondary turns 


N = n/n', iron core transformer, k ~ 1 


iN 
Fad 


4. Voltage drop, Vo across the conducting GTCR, 1 volt 


5. #1 conducting, # 2 open 


Loop equations 


(1) E> w+ Lidki — Mdi2 -—- “TAG; 
. dt d+ ee 
2 =Aeck& + te = Midi =e MN) dieu A, dt 
(2) 2 2 be dhe Gu M de C S Zz 
(3) O —<$ in M/! din + MW’ diz aia Ae RL 
dt d+ dt 
where; 
Ly = self inductance of loop l 
Ly = self inductance of loop 2 
Li = self inductance of secondary loop 
Ry = the load resistance 
(4) 
with ae and Me L, = Lez 
Mo =\VouQ = \Mr 
:. 2 
Pe nae eee J) aia x ND 
Av DA Y\ a Al 
ae 
,e 
but a (age — ma and QO? = een 
n* N* Ay 
therefore = and Mis 











(5) adding (1) + (2) and using L, = Mz L 


2 
_y = 1k, dt 
2E -V = ee 2. 
expressing 5 in LaPlace transform: we get (6) 
© 
(6) © 
mea ae) = 1,6)R. +1 LC ieee 
= CS eS 


ceaG) = (2ZE-\) 
Re (S+_1_) 
ReC 


iG 


i.) = _(2ZE-\) © Re 
Re 


now multiply (3) by N and add to 1 


cr) — O alee aa , =m Li 
E = Ve + Lidi. - Mdiz - Mdia 
Nx (3) =0 = -M Ndi + MN die + Nilodiay Nimes 
a t ae 


but, M'N =L,=L. and Na ~ MM! 


(8) hence (1) + NX (3) 


E-V = Niki oy k,n oe 
N Re 

gid) (OE ESET: A ence a iL = N Chi — de) 

and 


fom 
a z Wi Rec 
Ay = Lh Ne) + [2h -Me) ¢ 
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= 
Rictee i. 4 Az SCE =e) + eo 
Nig c Re 


— & = tee 
ae Joe NS ne 
(10) from (7) it is apparent that the maximum voltage across either 
GTCR is 2E-V 
(11) the power in-put to the circuit is Power in = 1g E 
where [dc = Ade average 
7 =e 
fide SS ICA See S e Rel dt 
N* Re Rey ) 
IZ) for 


ew Skee 
de = EM + (4E-2\4) C 
Nigiw ain 


(13) Power output 


2 ieee wee = CESae 
Re NA Reo 
(14) efficiency 
( E-\) 


ie Pin. E =NG (AE —2V.)C 
in ae ue - ° 


Z Power Out-put 
(15) Power gain = Power required from trigger 


(16) For EF -\ = (Sa 2a) C 
NéRe rae 
ide = sess 
IN 
and maximum 
= |l|- 0 
ct a 
ig E = 30 volts and Vo = tvoit | max = 0. V6/ 
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Taking the current equations 


ae 
ome Vou (2E Ve Re 
NFRe Re 


and — te. 
A2 = f eb. SW es SS 
a, ae 
ide = db thr = E-Me + GHE-2\) E€ RC 
NéRe Re 
Since E >>Vo neglect \, 
then 


} = 1S TEC 
kde = Ee se 
N@Rve 7 


ig 








The equivalent circuit for these equations is shown below: 
$ reed. 
: 4 
A 
el. 
e ; P 
Ldc ——> 
6 mag’ fie 
ie & 
ca 4 
N'R 
L 
| ‘ 
‘ ae “ 
a : | 
eben 7 - 
Fig. II-2 | 
F 
a ae eZ 
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II-3 Analysis of the Experimental Circuit. 

If we examine Figure II-4, which is the experimental setup for the 
basic amplifier circuit, we note that to correctly obtain a good comparison 
between calculated and observed results we must acme in the calculated 
results the effect of the balancing resistors R, and R, and the inductance, 


associated with the load resistor R,. We can introduce these para- 


Ih» 1 


meters into our equivalent circuit as shown in Figure II-3. 


‘= “i - Ref 


SN*LL 


Fig. II-3. 
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We can use the LaPlace Transform directly, for step inputs: E(s) — ae 
S 


and since R, — Rez 


Te (s) = tT2(s) a | 
S Ri+ R + _] 
fa Ces 





1.6) = 126) = | 
Roe SE 


| 
2Ce (Ri + Re) 
2 


and the load component reflected into the primary will be, 
te —£ i 
. N° LU i@see RNR) 
N*be 


the time domain solutions for current can then be shown as: 


Al) = Wace) = Ji et, 
i 
2 == (215 CR, + Re) 


and the load current in the primary 


eee) = _ E (1\—eEe 72) TT = _N*L 
R, + NRL <—T 7 R, + NERL 


The current thru the conducting GICR is the sum of Ma =F Mus 


or 
. Sam ae 
my) Att) = _ EE - Cpe) |= = ev 
Ri + NFR R+ Be 
C 
We can get the load current by reference to the secondary 
where 
EC er 2s ON 
Since the output voltage Es) = wee Gi ar Sib) 


Els) = __E Ri +sl, 
. | eee CS + Ae NRL) 
23 











this can be simplified to 


FE U(s) aS E RN 


| 
2 Ne Slee 


R, +N@RL. (s+ R+N?RL) N (s + R, +N?R) 
Nee N*Li 


We can now write the time response as the inverse transform 


. — (RNR. )t = Rit NRe 4 
Bie) =~ RN c-e ~- Nt *) Sie 
Ri+ N*RL \\ 
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II-4 Experimental Results for the Basic Power Amphtier. 


The laboratory setup for the circuit shown in Figure II-1 is shown 


below: 





he ne 


_ Fig. II-4 


pet aieters: 

ae =O Volts 

VVo —- | Volt 

Ri, = Re= 5 ohms 


N= 
N°= 3% 
Ni aval a 


Re — BO ohms 
Ce = lh) /M Savad s 


R. = 1200 ohms 
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It was found in the laboratory that without the resistors Ry and 
R, shown in Figure II-4, the basic circuit would not operate. Analysis 
of the problem indicated that the transformer was saturating on the first 
half cycle, because a residual flux raised the level into the saturated 
region. Hence these resistors were needed to start the operation of the 
amplifier, and then to properly balance the output during each half cycle, 
which prevented a buildup of the flux level in either direction. If we 
could obtain perfectly matched components, at considerably more expense, 
it would be possible to shunt out these resistors completely after start 
up. 


For the parameters given, the equations for predicted currents become: 





— t 
; ; Bony 
A2= Ac = 30 Ce 6X10 
5 +15 : 
— 10 & 
= 1a lS e- © ampeeves 
the primary component of load current 
- 386+ 2, (le 





LSS (ies FBS 5 3.1m Ps. 


| 


23 

Wee oC (tf - ENO) 
5+ 1200 
oS 


the current through the conducting GICR 





| ae — yah. ~1ert 
ce] AL Ph. = . 7a! — € Se ) | eemee amps 
the current from the source, 
Uiae — a “i Ah2 
— 10° - 10° 
ae = .7a3 (| — € 22) eee ae mee amps 
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the average value of source current 


| Tiiclones Tn oe 
fot. 29a ~.282 ( ese bd +30 le ed 
ave — Te 
| © é 
for T’'= 0.0005 seconds 
Mdc = ./83 —.07e + .0s5 0 7 aimee s 
Our calculated output voltage, EL? becomes 
—j0°t —10°%t 
EL = (30. 0.200)0 (;-E€ 58) + [80 € ® 
eco: 
a 
which reduces to 4 ( 
Ae One — lO 
ese () — 6 2 eee volts 
Mawer input = ._/4 930 = £7.40 watts 
Average current 
cio Nee C.783 —.078) = 1175 amps 
ave ave 


Output Power 


Pot = C1H75)°1200 = 16.57 


watts 


efficiency, aes LG is tO 46 
fae 


In an attempt to obtain a better comparison of the predicted versus 


experimental results, the equations for the current, i,, and the output 


| ies 


voltage, E, can be solved by an analog computer. The analog circuits 


1 
used are shown in Figures II-5 and II-6. The graphic solutions as shown 


in Figures II-7 and II-8 may be visually compared with the pictures taken 
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TABLE I 


Table 1 presents for comparison the observed and calculated results. 


The calculations were based on the parameters listed and the equations 


derived above. 
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of the observed variables shown in Figures LI-9 and LI-10. 
For ease in the analog solution the equation for the current can 


be expressed by: 
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Fig. [I-35 








for parameters used: 


and scaling factors Ag =C Ai = .05 ON i= eu 
Ngee eS) R,= Kens | Meg-ohm 
ox = he) Oa. = .\e Rez = R33 = \ Megohm 
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C6 par 0167, R, =R5 = Re4 = \ Megohm 
. Cog = | micvotevad 
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geo Cc —_ | — Re = Ra = Rse = | Meg ohm 
similarly the output voltage equation can be expressed as: | 
Bis)-ENRe .' £ 4. £E_ £ ~~ ty 
(Ri+N?R) SCN S+ 1) NS Ni GNIS 


a INGLR | Ra + NOR 


which can be solved as shown in Figure II-6. 
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Fig. II-6 








Analog Solution for Predicted Response of Amplifier 
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For the parameters given, 
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II-5 Discussion of Results. 

In Section II-2 the basic assumptions which resulted in simplified 
solutions for i, and EL were that the co-efficient of coupling k, was 
essentially unity and that the magnetizing current was negligible. The 
resulting equations then predicted the various wave shapes and values of 
the variables of interest, namely iy and E> in terms of the applied 
voltage E. Thus the voltage E could be selected to remain within the 
rated voltage of the GICRs. The predicted maximum efficiency was 96.77% 
which is quite high, but if line and transformer losses are kept low it is 
felt that for a resistive load the efficiency will be greater than 907%. 
An important result of Section II-2 was the development of an equivalent 
circuit which greatly simplified the solutions for Sections I[I-3 and 
later work in Chapter Three where the load became more complex. 

To examine the validity of the assumptions made in Part I, an experi- 
mental circuit was established as developed in Part II. This was the 
simplest form of the power amplifier which could be constructed with the 
material on hand. To more correctly compare the analytically predicted 
results with the observed results, another analysis was preformed which 
included the inductance inherent in the wire-wound power resistor used, 
and also the effects of the trimming resistances in each leg of the pri- 
mary. 

From the tabulated results we note that the calculated magnitudes 
agree very closely with the observed results, differing by less than 2% 


in each case. This deviation being well within the accuracy of the 


observed measurements which were obtained from an oscilloscope. In 


oe. 








conclusion then, it appears that the basic assumptions are valid and 
that the equivalent circuit is useful for varying loads. Since the 


solutions for amplifier current i and output voltage EF satisfy the 


9 ie 


observed amplitudes and wave shape they can be examined more closely 
to see what effect the varying of the parameter Le will have on circuit 
operations. It can readily be shown that increasing Le has little effect 


on E,. other than flattening the overshoot, however, when L, is increased, 


L 


the current 1, will exhibit more undershoot, as indicated by equation 


(21). This is undesirable since if the undershoot drops below the rated 


L 


holding current, and pulse gate drive is being used, the device will 
switch to the off position and the amplifier operations will be terminat- 
ed. Thus for a fixed resistance there exists an upper limit of induct=- 


ance which can be tolerated if the circuit is to function. 
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CHAPTER THREE 
THE POWER AMPLIFIER WITH A TRANSDUCER LOAD 
III.1 Introduction. 

Now that we have developed an equivalent circuit and shown that 1t 
will predict results which agree with observed results let us examine 
analytically and experimentally, amplifier performance when the complex 
load becomes a transducer. 

Figure {Ii-l shows the equivalent load seen by the amplifier, where 
RF and C are the transducer equivalent and L, is a tuning coil in series 
with the load. 

In electrical terms a basic loading problem inherent with the trans- 
ducer, is a coupling effect which causes the capacitance, C, in the equi- 
valent circuit to vary. Thus the amplifier in meeting the operational 
requirements below, must do so for a range of possible capacitance, C. 

1. While the output voltage wave shape may be distorted, the 
amplifier must maintain frequency correspondence with the 
input signal. 

2. The amplitude of the output voltage should remain nearly 
constant through the range of C employed. 

3. High power gains at efficiencies on the order of 60% or 
greater are demanded. 

There are several general forms of equivalent circuits for trans- 
ducers which depend primarily on transducer construction and the fre- 
quencies to be employed. For our study let us consider a circuit whose 


general form is shown in Figure III-l. 
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Fig. III-1 
Since, impedances are easily scaled in both magnitude and frequency so 
that laboratory models can be Bulle to slommiate existing Circuits, the 
load simulated in the laboratenmene used for our seeiedea results was 


based on values of R L, and C available. The objective then was to show 


1% 
the transient behavior when first L, and R are kept constant while C varies, 


then keeping Ro and C constant the tuning coil was wanted ¢o mote the damp- 
‘ing effects, if any, introduced in the circuit. 

It is important that we have some indices anien reflect the relative 
Pedving of the three parameters in order to investigate possible GPoasiane 


behavior. If we examine Figure I[II-1 we note that, 


ras) = Si ae eee 
g RLCS + | 
which simplified is: | 


| 
7 ,6)-=_| (Steels + a 


Reo i Se 





36 








The numerator of this expression will occur in both the current and 
output voltage equations, and will in fact become the characteristic 
equation which will govern the response. Hence, this equation, of second 


order form, may in general be written: 


SS = OS Se Din 








where ane Pa and Un = \ l | 
hai 

Thus the parameters can be changed into e and O)n 3 indices 

for comparison with other possible parametric values. Additionally, 

since considerable analytical information has been gathered and evaluated 

on the transient response to step inputs for second order systems we can 

easily obtain information such as overshoot and rise time for given values 

of € and Un . Figures III-17 and III-18 for example can be used in 

the analytical calculations to predict rise times, oe and overshoot, 


Pe 
pt 


ov 








TII.2 Analysis of Transducer Loading. 
In this analysis, let us first derive the equations for i ,the 


os 


. the 


current through the conducting GTICR, and the output voltage, ED 


equation for EF Along with data on input power would then provide the 
necessary information regarding! amplifier performance, and cone also 
be reflected to the primary Te that we can insure that ZED (primary) 
does not exceed the rated GTCR voltage. The resulting equation for i, 
would then tell us whether or not we eheeed rated current art also : 
indicate when the limits of pulse gate drive would be exceeded. 


To obtain the desired solutions for i. and EF we substitute the 


1 
load circuit into the equivalent circuit developed in Chapter Two. 


The resulting circuit which we can attack analytically is shown in 


Figure III-2._ 











Fig. III-2 
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solutions for i,, the current through the conducting GTCR, and 


1 


E, the output vo.itage can be written directly in LaPlace Transforms. 


mms) = 1,’ (s) + Tc(s} 


h 
mis) = 2 Ree 
N2 5 (RCLLS*+ LoS + Re) 


ie i>) ae CaS 
> ReCeS + | 


ee (>) — pS (Gi Cicely at CeCe | 
o N* s(R.CLis*+tis +R) Re Cs Sasa 


zr) = ae ine 
N S CR.CLLS* Fe ot Ru) 


The transient behavior of i, and E, is of considerable importance 


in devising protective schemes for the circuit. A readily apparent pro- 


and 


blem is that of overshoots of both current and applied voltage which 
could destroy the GTCR's, or at least change their characteristics, if 
rated surge values are approached or exceeded. Another transient aspect 
that must be considered however, is the minimum value of current, Lys 
attained during undershoot. Since pulse type triggering of about 10 - 
sec duration will probably be employed, so that maximum current can be 
controlled, the current through the device must never be allowed to drop 
below the rated holding current. Should this occur the device will be 
switched to the high resistance portion of its operating curve, and power 
to the load will be interrupted. Interruptions of this sort are harmful 
if they also bring about transformer saturation on the following half 
cycle. Transformer saturation is very harmful for this circuit since in 


the on condition the primary circuit contains virtually no impedance, 
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and large currents will flow in the primary until protective devices 
operate. 

Now that expressions for both i, and ET are available, perhaps 
the best and quickest means of observing the transients would be to 
simulate the current and output voltage transfer functions on the analog 
computer. We could then observe the response to a step input of E volts 


with R. fixed and the parameters Le and C being varied. 


To simplify the analog solution for iss rearrange the equation so 








that: 
25) Re |, ERGs Re , £ eee 
BON s(RClLus*+l.s = RD RUN* s(R.CiiSs*%4+iS4+R) $s (ReGStl) 

let, <6) —— L/6) + 24s) Ss aes 

es) ee Re 

NG io S (RACLLS* 4 IL.S$t+KL ) 
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Ma) = _— RCs See = 8G) 


<a 
Nie SCRLCL.S* + eS Re 


Te(s) = E —2&5_ 
S GAGs So |) 


The analog circuit for the solution of is is shown in Figure ITI-3. 
(See Appendix ITI for the details of scaling) 


Next write the equation for output voltage: 


7 N s(C RCs eee a5 Ro) 


which in transfer function form is 
ae S aa Re 
E/N Cleo hon 


For analog simulation consider then that 
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where m=  R/Lo 
SPC ROS cr |) 


which becomes the open loop transfer function in the feedback analog 


circuit shown in Figure III-4. 


42 








—_ 
e 


~- nee 


a 
S) 
IIrI-4 
43 


as 


ayy). a ‘Ky 
er | 

oes ool 

4 | 

fe ee 








IfII.3 Discussion of Analytical Results. 

Figures [iif-5 through III-ll show the analytical results for R 
and Le fixed and C varying. We note that the range of parameters used 
covers the range of . = Oe 0 . = ,302, Both current and voltage 
wave shapes followed the expected pattern, being damped heavily near 

ia = ,95 and growing oscillatory as C was increased, At ae near 0.3 
we can see that the system has grown quite oscillatory, and that our 
voltage overshoot is now greater than 30%, and our current undershoot 
is very pronounced. Hence were our parameters to vary in this manner, 
we could safely predict that for this range the current i, remains above 
50 milliamperes, the approximate holding current, and that the overshoot 
of output voltage will not exceed 36%. 


The parameters below and scaling factors apply to Figures [TI-5 


through ILI-ll. 


Pe 1420 Sonim 
L.= .o016 henvies 
for current curves: 
A 
Xe = GA X 10 
An, = OLS 
for voltage curves 
= 4 
es ae 


Ar = 6 


44 
















ad lime 


C = 0.0021 PS 


' RUSH INSTRUMENTS 

a= 32S ==See ae SeSSes== 
= sSeP SSeS SSeS=—= 

==5==S5 ES==Ss===S= 

= 

= 





TE a a 


; = 0.95 


DIVISION OF CLEVITE CORPORA 






ee SS oe 





-- eed 


aml ene AED 


a — 


rie. Pies 


ap 


45 


ee ee ote 








C= 0.0042 aE y = 0.678 


PRINTED INUS A 


=S======5 =-f= ===> — 
SSS SS 2= San Sa Sees ========== 
(ee 


eee ee 


——+— i 


3 
c——-}--— . 
=== SS See 


— ees 
Aetna ——_ 


| 


| 
f 
qi 
mi 
tt 


-” 


{— 


. , s min /sec. 





INTED IN U.S.A. 


a 


= ee Ee = See 
= SS SS 
? 2S ee ee 
Wie === === = a= 2S SaaS 2 === SSS = 
Whe, | = a 
| 255 =SSS555/SSS==== 


csameees —— 
Gaanne] 
REED GPE 
Sa) 
2am EE GREET (REE GE 
Geass RE=Sr ae ae 
Cee Samed TS ae =a t— 
=a ee =. Ga fant 
Ez] ri 
——— 
—— = 
[Sones Sea 





aes (eS 7 
— a Sey, 
po 
=) ae Ss 
a 
ry « =e ‘ . 
et Oe Seibert a st om Ate mae we oh tr Te 3 ae 


Imm {sec 
Fig. TLII-6 





46 


Eee 
? 
Li 
= SS 


| 
fll 
H 
l 
i 
wll 
if 
Hall 
HT 
fl 
fil 
tHE 
lif! 
fl 
iH 
HN 
> 








Ce 0400612 4A-f v= 0.562 


















— 







“ 4 | v ; | 
TOTTEDUL AEBS O PoC gant | v li 2 ep nmnnn lees 

AAT TT ate | = raat 
AC ne a ea 
, eo s LA an 
SLM atin 
naa 

SLUM 

SIL Tmt 

cee 

oni mui 
¥ HT fT if : 
ee ae 
eee | Cae 
rq oe a Tih i 
ri ya TT 
AN au 7) mt 
rata il HIT 
tn LT mu 
SU a Te Te 
ro er ; CT 
Se UR Hn tt Ig 
Lanai Leno 
ms rag AA a 
cr a HC 

ABUT — 


a 
® . -* 
’ 
. 


| 
EEE TU LEE T Tes - - —— ; 
' . . = ; . 4 _—_— 

“p be Ms = . 

AA Pa . - 
 f mee ; . et : : it. F 
o- s ive s ; ‘<a 
; : > i ai p er ~~ 


Iii-?7 


Fig. 
47 








% = 0.485 


C = 0.0082 PS 


| F 


w J s 
. Aye ~ ee 
, O | mp Read 
Neue ae 3 og a 
meme TaTATEA EU MHL Blau ~~ z qT TTT > 
tl se ca aaa 
A 1 mT | yy 7 
f | : i TTL YY 
TTR | ra | 
ag Kr man AL | 
ttinrabrey | ED car 
TN | 2 AO a 
eT mit aa Aer | 
OM | On 
Ne ct tn | 
wil ree 
rt a au 
RAS mn gg Ue 
NOR A Cree | 
tata Aan gw E| 
ER akan vin |) a 
AU | | Nm | 
| NTT NTE 
2m Pa an a 
2 Te a 
e UT ee AL | 
jena oe | 
8c TN | 
Tm Sf Heung 
STMT | Ne TH | 
SHIT TL 
Simmer) USS | 
w : 248 
ee = A a 
eC Sf inns 
ang eer Rc ea | 
z RE ede PAGEL ES jae | | a ae . fs rn 


2, 
’ 
3 
4 








ee ee 


C= 0.011 | 5 = 0.418 


— 


a Heap pa RECORDE ii 
ES= [Sf Se 
2552 SES SSS=5S2 = 


= Bess ‘See== 





=SSSSS=s =SSS2=ae= == = ==5=5 
{EUS SSS asia aS = == SS SSS SSS SESS | 
eS SSS SSS Se! == =2 52252355 SS=SS 5 
22 le ee SE SS a Sea 
= SS SS SE r _ | === SSSSSSESSSEE 
Se SSees======= =a 
a aden entation cegrrerrie et ree = 
SO mm /s Py 
5s 
» RA 2921 32 BRUSH _I WS Ek RUMEN TS DIVISION OF CLEVITE CORPORATION CLEN 
SSS SSS aS =S25> S= =SeeSsa=e 
= =. Se SSS = = 
a tt SS === SSS Sas 
== = = 
= V/ => == =S============>====Se 
= ee ye aE SE a SSeS te 
== ===SSE=55 SS ee 
=== == == = 2] = = = eee SaaS === =e= JSS 





ee eT eee — Ot Oe SR OUR FEE Re OPED STE © EU Cree SRS rp ne ESD € EY FES RPS ert OG Gee 


—_ 


| mm /see 
Fig. III-9 . 





49) 





0.9 
== 


C = 0,016 Mg - 


eee 
aay 


i 


= 


PRINTEO IN U.S.A. 


AND. OHIO 


Same 


| 
a : a 
ae : eae 
nee en 
Hn r ; ro 
TEA 4s NTA 
mana a AAT aT 
Hv nT AAT ETTT 
ETT an LL ANTAL 
me AUT NTT 
ARH aL LOTT 
marr aug Lave ET 
me HUTTE 
muvee au LTTE 
ra i LTTE 
HR en 1 CTE 
HN a A a . 
HR ap LE NTT 2 
mane AAT AT 
mo PANT pa 
mI LD ANT HT 
ST Haan 
aa ay ance 
me CLITA ATUL 
Cc NU 
ne ine 
iui | IT appt 





mat IAA 
mean Sie vce 
can | ae nes 
ST | eS 
A | oy Tea 


Ha 


NUS.A 


OPER URL TRA TTE 








C= 0.0212 ME § = 0,302 


: re RUSH INSTRUMEN) ENTS DIVISION OF CLEVITE CORtORATTONGUNELANO, WO AINTEO USA 

Le eee 
=— —j—] 

(GS SSscae=Sa= =S=Se5 


=SSs=a====5 =a 
EAR oSlS2e=See == =| SS SSS | 


SS — = = SS SS SE eee = 

SBS Sa ZS === Sa=s Sees Saeaseeae ESS SaSeI 

== ]==SSSSS Sasa as SESS5s2==S=SS===5151 
== === === = = = = = = SS SS SS SS EES ee 

SSS SS SS SS SS SS eS Sa =SEEEEEEEEDEE ELE 

_ i 
ac ee ye 
FT mum hese 


| 


| 
CHART NO. RA 29% 
Ba aa E EEE aan eee eeeaee aaa as! ase asa eee 
SSS SS=S—a 5 25 SSS NESE SES SS a= == SaaS =aSe == 
= ——— SYva SSS == EE ee ee 


sh 35225 ge gee gS eee Geo oeeee 
elliseraee ec gGEEERRECS =: eocece === 





=== 
. 





ee —— } | SS Se Gee pt bf ——_} —_ } 
=== =a SS = ee Be= === Se = SSS 
ey mine een ee 


l mw hee, 








Figures ITi-12 through III-16 show what happens to the response 
when inductance is added, Additional inductance acts to campen out 
the oscillations, however, there are limits to the amount of damping to 
be added, as is indicated by the slight lag in evidence in the current 
iy shown in Figure I{fI-16. As more inductance is added we will be once 
more in danger of dropping below the rated holding current for the GICR 
with possible transformer saturation on the next half cycie. 
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III.4 Experimertal Results. 

We can visually compare the predicted results with the observed 
values shown in Figures [II-19 through III-25 and note about 1 to 6% 
deviation. Table A-l portrays the tabulated experimental results and 
also shows the predicted values of overshoot based on the curve of 


Figure III-17. 


TABLE A-1 

C ea eh % dev Power gain Efficiency 
wOO21 295 1,008 1,064 Be 1028 8%, 
0042 678 1.054 1. Eo 5.05 89% 
00612 362 1.120 1,136 1.41 39% 
0082 2485 1.170 1.160 0.86 88% 
FOLIO »418 1,230 1.195 7d | 87.77. 
0160 2 347 1,310 1,234 6.15 86.5% 
mozi2 » 302 1. 360 1 Z7Z 6.90 85.7% 
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III.5 Conclusicns Based on Experimental Results. 

The bésic reason for the observed deviation from predicted results is 
that the desired load could not be simulated with au: laboratory components. 
The actual transfer functions were of third order sather than secona order 
due to the inductance associated with the wire wound resistor used. Our 
actual load was really, 


Fuss), S20 L. ieee 
5 La 


— 1,)s(s?+sRi Ae + Ae = Ce eae 


Z st + RiSLp a VYAloa 


where Le = the inductance due to the resistor, 


The transfer function for output voltage was really: 


So Ri. + Sle 











E/N SLi (s*LeC + RiGee ee 
The system characteristic equation is then 
a RusS + (1 4 | js 4 no 
Lr Let LLC Le Le S 
Letting 
Das ) — > +. Le =a 
( Lec ee ap Lpeplre 
- oe ae Re. oe 
Pais 


we can examine the effects of varying C by plotting x{s)/y(s) on a 


root locus pict and observing the movement of the roots. 





xls) | tei ao | 
ys) a Lpc ma : 


S* Le S + | ) 
anes 
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A sketch of the Koot Locus plot for the actual experimental system is 


shown below 


Av) 





s C decveqsiag 


For the range of capacitance used in the laboratory, performance wa 


{2 


approximately in the range shown by the dotted lines on the sketch. 
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In addition to the data tabulated, a dual beam oscilloscope was 
used to verify frequency correspondence. It was found that the lead- 
ing edge of each pulse could be aligned with the zero crossings of the 
output voltage wave shape, hence frequency was preserved, 

We can see now by examining both the analytical and observed 
results that for the range & = tae any = ,302 the frequency has been 
preserved, the amplitude of the output voltage has deviated from the 
average half cycle value by at most 36%, and that efficiencies on the 
order of 85% at power gains of about 1000 are possibile. 

We could now predict that for this GTCR, rated at 400 volts and 
2 amperes, we could, with a proper output transformer, operate safely 
at 200 watts output power with a power gain of 1000. The output trans- 
former must be designed so that the reflected resistance allows rated 
current at the desired supply voltage, without saturating. Also, a 
resistor should be inserted during at least the first half cycle in 
series with the power supply to prevent the transformer from saturat- 
ing due to residual flux of the same sense as the flux due to the in- 


rushing current. 
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APPENDIX I 
TRIGGERING CIRCUIT 


The triggering circuit used in the experimental section is shown 


below: 


E.* 









GTCR 


SOS AE Sa 
DIODE 


Li 


The Shockley diode is a four layer, Silicon, two terminal switch. 
The Voitage-Current characteristic curve for this p-n-p-n device shows 
two stable states, a high impedance state, Region I, and a low impedance 
State Region [II. To turn the device on the voltage across the terminals 
must Picea the switching voltage Vs. Turn-off is accomplished by reducing 
the current through the device below the rated holding current. The V-I 
curve and other diode characteristics are shown in Figure A-l. 

For the triggering circuit, a Shockley diode with a switching volt- 
age of 30 volts was used with the following effects on triggering opera- 


tions: 


1. Pulse Interval T 
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=e, a Ss 





aie, 


Characteristio Vol Curve 


a 
ie 
- 
ah = i o : This is a diagram of the construction 
"| eae ae of the Shockley 4-layer diode. Produced 
eo, , | from single-crystal silicon, the four 
8 a layers are obtained by the controlled 
mbt, a | diffusion of suitable impurities. 
- a | - | | The symbol for the Shockley 4-layer 
— diode is a modified '4"; the slant 
ri line of the “4” indicates the forward 
an direction of current passing through the 
| —_ device when in the “on” state. 
ia saa 
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ese | Switching Voitage (V5) Holding Current (Ip) 
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Terms and Symbois . i 


Switching Voltage 








Ig ‘Switching Current | 
lh Holding Current (or Sustaining Current) 
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"On" resistance (the slope of the V-I 
curve measured at currents >|p) 


“Leakage Current ve 


lik 


Vrb Reverse Breakover (Avalanche) Voltage 





ee ee re owe 


_ {| Conventional 
a Current. 
| Flow 
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Lead for | 
connection to an 
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18 In voite In ma Other Characteristics For All Standard Type D Units 
<mes ae 20H 8 HT 1-6 Switching Current (Is): <125ua 
2a 20+ 4 ? 5-20 
2. ee Holding Voltage : 0.5 to 1.2 volts 
|| 204. 7% 19-45 ; Bea! 
3 et - 39-44 foe j 16° Current Carrying Capacity: 50 ma steady dc. Maximum peak current rating 2 
ay = he i . amperes—dependent on duty factor, repetition rate, pulse duration and 
ee 30=4 «8h 5-20 ambient temperature. 
30 0° -— FF; =< se ‘49. 
ae ea dee aan: 2 3 Turn-On Time: 0.1 us (circuit will determine exact switching time) 
3°" 0 = 40 ee 16 - ' 
12 i8 laoteg Vo ‘5.90 Turn-Off Time: 0.2 us (circuit will determine exact switching time) 
-30 7 40%4 vie | 19-45- Leakage Current (lik): <15 wa (measured at .75 Vs) 
“3. . i. ¢ : s0= 4 ; re .. - 1-6 Dynamic Resistance On (Ron): <2 ohms at Ip + 25 ma 
WZ ye SOA 5-20 and <0.3 ohm at 2 amperes ) 
-30° , 504 © 19-45 ; . ' 
oie ER Capacitance: <100 pf (Exact value depends on V, and epplied voltage) 
= oe ts 80+ 8 -6 
23 E ; ee Es: | ‘ 5.45 Ambient Temperature Operating Range: —40° to 65°C 
03 0 2 ti oo (99012 : i 1-6 Reverse Breakover (Avalanche) Voltage (Vpp): >60% of nominal 
0-23 a. 12012 | : 5.45 switching voltage (Vs). Voltages applied in the reverse direction 
ee a aa a i, in excass of Vrpb may cause damage to the device. 
03. - s 20020. 1-6 . 
0-23-00 | 200 + 20 ae 5-45 
ay in RATINGS ABOVE APPLY AT 25°C 


Fig ® hei 
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We can caiculate T by determining the time required cto charge the 


capacitor to 30 volts. The expression for the voltage across the capa- 


citor is 
le 
Va. eae RC ) 

for Es = 100 volts, C = ol Af and at time t = T, 
Yo = 30. 
hence Bes 

Vie a ae EE 

eae 


ao, — iC bm (Ve — 1) = | R Lu (100 ) = ,OsnB Ie = 
is 70 
Z. Pulse height Ip 
Ip = Vs/Re = 30/20 2 1,5 amps 
3. Pulse width tT 
The pulse width is the time required for the current tc 


decay below the rated holding current of approximately 45 ma, 


Current decay can be expressed by, 


Te is 2 t/RcC 


which for the parameters used is 


— ty 
(O45 = 175 te —azurars 


ioc £0" Io ° Lm (.048 -) = 7.6 4 Seconds 
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APPENDIX IT 
ANALOG SOLUTION FOR AMPLIFIER CURRENT 


The expression for amplifier current is, 


miG)= EF. 2 hee ae ee oe Pee c= 
NFR. S(RCLLS*+Li.5 + Ri) . N*ROSCRCIS =e eee 


using the variables as shown on the analog circuit diagram Figure A-2, 


exw eS aie 


the scaling equations become: 














= is 
oo CO f= = ; 
Ag RIN Ae a en — ee > 
R. = Rei = | Meg-ohm 
6g 
— (eee = 
oe Se. EF, — O47 TF, Ag = Ke = XL) 
Rz2= Rs= Res = | Meg-ohm 
Oe, = 0a, =— a 
ce _ 4 
fm = o&, Kk. oe Xn = _I OO, = ta Saar 
Ae. (RCst) A FFL Li 
|. = ,Ol6Ghenwes 
Og Kea — 
Op ie 
Cy Re = ReéC = I2aeciCe aan 
Ove ae 


i, 
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In Tabular Form te. for Ry and L fixed and C variable. 
KG 








Cait [ae [Cet Raa 
0021 S19 I Rae: eas 919 
0042 46 il ba ps Pes 246 
00612 2315 iN Pe Aas 315 
» OO82 0 94 u I i Nd, 
oOll 02 l 1 l eVO0L 
O16 0463 I l l 483 
0212 » 364 iN i 1 » 364 
= / — = 
ee ( XA, a eke Bene = OAs = | 
Api ar 5 
Ay {5 wee, 
C5 ==) ele 
== Com 1 A j 
L meet, RC ae ee = BReac > = ae 
nil | Ne ie 
5 ieee | MA 52 
9 ie 
ae =. Ae, Fy Pe exe. cancer Cer so | 
XE, ReCe Ss Ne Re 
Ag Keg aes Cee Res Soo Ke le Xe 
Og Xe Og 
=  , 405 
Cég = 1M oe cg = .75 Mee 
Og (= SC cae 7 
ae 2 Le , i 
Mae, -2KiN* £; — Se ARNE E, 
Cec. Re. Cvs FRRe ee oe. a “Ae, 


Ohoixce ee SCR Bares anaes Z2RN* 
R 10 ene Ro 


R10 An M te Rio = Ry See Me 
Qin = an = , 667 
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Ax, ave AL, AC Nar 
Koz = Riz = Rie =e 
Oiz = On =a 
Ohis == aioe | Be ) 
X12 


— 129.6 xi0®° C Res 
P2612 


oe Riz = .I 





Now keeping R, 1440 SO and C fixed at One vary L in 


steps as follows; 


—= 


eee ee eee Seite 2 Lome 
Q 4 


The only modifications to the above occur due to change in A,= Re 


ae 


Hence affected pots are varied Gg and Gg increasing and GQ), decreasing, 


oJ 
Go 














ee ae 6 ag 
9/8 » 3545 . 3545 .0705 
5/1 L, 0 394 » 394 o 6635 
Se Ly v473 473 0953 
z L, 0/09 709 »0353 
6 L 756 756 0112 with es = Ra 
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APPENDIX ITI 
ANALOG SOLUTION FOR OUTPUT VOLTACE 
Next write the equacion for output voltage 


5 — ne 
~ N 5 CRC Lise ae Sr 


which in transfer function form is: 
{i 


—E,yo = caer 
E/N SUC S (ae 
For analog simulation consider then that 
oS a eo 
Pam Soo ies + Re / eames 
where = RAZ be which becomes 
i 
SRC San) 


the open loop transfer function in the feedback analog circuit shown 


in Fig. A-3. The analog expressions are then: 
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First let R= 14402 and Ly = .016h remain fixed and vary 


C. The pot settings for G4 and Ge may be tabulated as shown below: 








C AMG C4 ME Row M2 Ra | as Oy 
0021 1 t i ~003 Pa Of 
0042 l l I ~ 3015 s3015 
00612 i | L 210 »210 
0082 1 1 l o 157 015? 
OlL i l I ee oll7 
oO16 I l | 0804 0804 
0212 I i l 0606 C606 
= Ov; am OLG =—— i Re = | M -fe 
= Ee Fe dt Re Che 6 
Ae eee Coe, Las 
OV ia 


Now keep R= 14402) C= 00612 UG 


and vary L The required changes will bé in pot settings G44 and Qs. 








a‘: 
es Os Ca _ Xe 

9/8 L, 236 236 48 x 10° 

5/4 L, «2625 2025 43.2 X 10° 

3/2 L, 7 315 318 36 X 10° 

2 L, 42 42 27 Xx 10° 

éL, 315 315 gx10' Cchange Reyg= R4 =.25 M2) 
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